Abstract: Dicyclopentadiene (DCPD) resin has gained popularity owing to its fast curing time and ease of processing with a low viscosity in the monomer state. In the present study, the impact and shear properties of a carbon fiber (CF)/p-DCPD composite were investigated. The CF/p-DCPD composite was manufactured by vacuumassisted resin transfer molding with CF as the reinforcement and p-DCPD as the resin with a maximum fiber volume fraction of 55 weight percent. Impact and shear properties of the CF/p-DCPD composite were evaluated and compared with those of a CF/Epoxy composite. The maximum shear stress and modulus of the CF/p-DCPD composite were lower than that of the CF/Epoxy composite. However, the CF/p-DCPD composite had higher toughness than that of the CF/Epoxy composite; this indicates that it is tougher and exhibits a more ductile load-displacement response with a lower modulus and larger failure deformation. The impact strength of the CF/p-DCPD composite was about three time that of the CF/Epoxy composite. The higher impact strength of the CF/p-DCPD composite is attributed to the resin characteristics: epoxy resin has a more brittle behavior, and hence, higher energy is required for crack propagation due to fracture.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dimen pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition 1.1 A, A * is said to be self-dual whenever there exists an automorphism of the endomorphis swaps A and A * . In this case such an automorphism is unique, and called the duality A
The literature contains many examples of self-dual Leonard pairs. For instance (i) the ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Corol Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associated module for the Terwilliger algebra of a distance-regular graph that has a spin model in th bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bip (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leonard t De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the bra, acting on an evaluation module (see [5, Proposition 9.2 
]). The example (i) is a special examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-dual in 
Introduction
With the rapid development of high-performance fibers and their increasing use in critical structural applications, there is a great need for high strength and lightweight. These trends have led to an increase in the use of fiberreinforced composite (FRC) materials in many areas such as structure applications, including rehabilitation and retrofitting, mainly because of their superior highstrength properties, corrosion resistance, and low weight (1, 2) . New types of resin and fiber that can adopt the liquid composite molding (LCM) process are made of a wide range of thermosetting resins and reinforcements, respectively. Among them, poly-dicyclopentadiene (p-DCPD) has gained popularity because of its fast curing time, excellent impact resistance, high chemical corrosion resistance, and dimensional stability (3). Due to productivity advantage with short curing time, the DCPD resin is usually used for applications such as automobile bumpers and heavy equipment bodies. Carbon fiber (CF) reinforcement has also attracted much attention and has long been a subject of investigation for its use as reinforcements in polymer matrices because of its high stiffness, high strength, low weight, and good thermal properties (4) . Therefore, the evaluation of mechanical properties such as impact and shear strengths is required for carbon fiber-reinforced plastics (CFRPs) and new types of resin composites. Extensive research has made it possible to evaluate resins and fibers suitable for the LCM process. Among the various researches, several recent investigations deal with the impact property of CFRPs (5-10). Harris and Bunsell investigated the Charpy impact properties of mixed glass fiber/CF composites measured as a function of composition on notched and un-notched rod samples (5). Premalal et al. (6) studied the effect of unmodified and ground talc and rice husk fillers compounded with polypropylene (PP) separately in a Brabender Plasticorder internal mixer. Ruksakulpiwat et al. (7) examined the rheological, morphological, and mechanical properties of PP and PP composites prepared by injection molding with and without natural rubber (NR) or ethylene propylene diene monomer (EPDM) rubber. They reported that the impact strength and elongation at break of the PP composite significantly increased with the addition of more than 20 weight percent of NR or EPDM rubber to PP. Harish et al. (8) developed coir composites and evaluated their mechanical properties such as flexural and impact strengths and revealed that coir can be used as a potential reinforcing material for making low-load bearing thermoplastic composites. Liu et al. (9) conducted Charpy impact tests on notched PP specimens and unnotched polystyrene specimens at room temperature and showed that the impact property improved by the addition of graft-modified rubbers. Park et al. (10) fabricated CFRPs incorporated with core-shell rubbers (CSRs) by the vacuum-assisted resin transfer molding (VARTM) process and investigated the impact strength of the CFRPs. They reported that the impact strength of the CFRPs improved by up to 87.5% depending on an increase in the CSR content. However, investigations on correlating the impact behavior of CF/p-DCPD composites are limited. It is with this view that the present study on the impact properties of CF/p-DCPD composites manufactured with liquid composite molding process has been undertaken, especially for the improvement of mechanical properties of CF/p-DCPD composites (3, 11) .
The shear strength is a critical aspect in the evaluation of mechanical property of CF/p-DCPD composites because it is mainly related with the interfacial property for the composite matrix and reinforcement. Several studies have been conducted on the shear property of CFRPs in search of suitable materials. The curing kinetics can be conveniently measured by isothermal DSC measurements; however, some inevitable problems exist such as dynamic preheat time and limited temperature (11) (12) (13) (14) . Dominguez et al. (11) studied the room-temperature mechanical properties of unidirectional CF-reinforced phthalonitrile composite panels by short beam shear, tension, and flexural tests. Kretsis (12) investigated the basic mechanical properties including shear strength of continuous-fiber hybrids, that is, carbon and glass hybrid fiber-reinforced epoxy and predicted a model to compare the strengths. Valluzzi et al. (13) performed an experimental study on brick masonry panels strengthened by FRP laminates to evaluate the compressive and shear strengths to simulate the in-plane shear phenomenon. Gabor et al. (14) examined the behavior of unreinforced and FRP-strengthened masonry walls when subjected to a predominant shear load using different finite element modelling approaches.
The cost using DCPD composite was mostly dependent on the cost of catalyst that improves reactivity. Molybdenum (Mo), ruthenium (Ru), titanium (Ti) and chromium (Cr) are commonly used catalysts for manufacturing DCPD composites (15) . Among these catalysts, lots of applications using Mo-Based Catalysts were increased due to cost effectiveness. Much research has also been conducted to reduce the cost using Ru-Based catalysts. Regarding manufacturing cost, DCPD composite will be advantageous with productivity advantage with short curing time along with reduced cost of catalyst (3, 15) .
Although there is a compelling need for the evaluation of mechanical properties of CFRPs and new types of DCPD resin composites, fewer studies were conducted on the mechanical properties of composites. Limited number of studies was investigated mainly on CF/epoxy and glass fibers/unsaturated polyester resin composites as show in Table 1 . The evaluation of mechanical properties for the CF/p-DCPD composites was mainly conducted for the shear and impact properties because measuring these properties were to investigate matrix effect rather than reinforcement effects. The present paper reports the manufacturing of CF/p-DCPD composites by the VARTM process as well as the evaluation of their impact and shear properties and comparison with CF/Epoxy composites to examine the effect of different resins. 
Recrystallization of catalyst
The catalyst was recrystallized to ensure its uniform dispersion in the resin to obtain uniform particles (18) . The catalyst used in the present study is in a solid powder state; therefore, a solvent is necessary to dissolve the catalyst. The solvent used in the study was dichloromethane (CH 2 Cl 2 ). The solvent was evaporated in a vacuum chamber for 24 h after the catalyst was completely dissolved in the solvent in a glove box. After the catalyst was treated with dichloromethane, the catalyst was changed into relatively regular spherical particles with the recrystallization process. The recrystallized catalyst can be advantageous for achieving a rapid reaction with the resin.
Manufacturing of CF/p-DCPD composites by VARTM process
In the VARTM process, carbon fabric sample was prepared to cut into a size of 150 × 150 mm, as shown in Figure 1 . To prevent the vacuum bag from sticking to the fabric, a peel ply was used. To allow the resin to enter into the fabric end, a flow media along with a vacuum pump and resin trap was used in the process, as shown in Figure 2 . To achieve a more stable curing process, curing was carried out on a heater. The composite materials were manufactured by the VARTM process with a heating system wherein the mold was maintained at 100°C for more than 10 min (3,15).
In-plane shear stress test
To measure the in-plane shear property of the new CF/p-DCPD composite material, ± 45° tensile specimens were prepared according to ASTM D3518. Rectangular specimens of the fabricated composite materials with dimensions of 25 mm (W) × 2.5 mm (T) × 150 mm (L), where W, T, and L are the width, thickness, and length, respectively, were prepared for the shear test. The shear strength was measured using a universal testing machine (UTM) with a strain gage attached in the middle of the specimen, as shown in Figure 3 . The test speed was maintained at 2 mm/min. The data of the shear stress/strain curves were obtained from the load cell and strain gauge readings and specimen dimensions. The results were measured at least five times under each condition and are shown with an error bar including the average values. 3 Results and discussion
Izod impact strength test

In-plane shear stress of CF/p-DCPD composites
The shear stress and shear strain values were determined with ± 45° tensile specimens expressed as follows (19, 20) :
Here, τ 12 is the shear stress, σ x is the tensile stress in the specimen, and γ 12 is the shear strain. The strains ε x and ε y expressed in Eq. 1 and 2 represent the strain in the loading direction and the strain perpendicular to the loading direction, respectively. Generally, the maximum fiber volume fraction of a composite manufactured by the VARTM process is about 50-60 weight percent (wt%) (21) . In the present CF/p-DCPD composites, a fiber volume fraction of 55 wt% was achieved, and the shear property was evaluated for this volume fraction. The entire process of shear response of the CF/p-DCPD composites manufactured by VARTM was obtained from the axial load-displacement curves, as shown in Figure 4 . Small differences were observed in the shear modulus, shear strength, and ultimate stress of the specimens having the same configurations. As can be seen, for the CF/p-DCPD composites with 55 wt% fiber volume fraction, a maximum shear stress of 50.3 MPa was obtained. The experimental data for the entire process of shear response of the CF/Epoxy composites manufactured by VARTM provided by Liang et al. (22) are shown to compare the effect of different resins (Figure 4) . The CF/Epoxy composites achieved a shear stress of 61.9 MPa and modulus of 4.14 GPa, while the CF/p-DCPD composites achieved a shear stress of 50.3 MPa and modulus of 1.26 GPA, as shown in Figure 5 and Table 2 . However, the CF/p-DCPD composites exhibit about 30% larger strain until fracture compared with the CF/Epoxy composites. The overall comparison of the shear properties of the CF/p-DCPD and CF/Epoxy composites revealed that the maximum shear stress and modulus of CF/Epoxy are higher than those of the CF/p-DCPD composites tested according to ASTM D3518. However, the CF/p-DCPD composites have higher toughness than that of the CF/Epoxy composites: similar results were reported by Toplosky and Walsh (23) and Rohde (24) . This indicates that the CF/p-DCPD material is tougher and exhibits a more ductile load-displacement response with a lower modulus and larger failure deformation.
Impact strength of CF/p-DCPD composites
The Izod impact tests for the CF/p-DCPD composites were performed to evaluate the impact properties for 55 wt% fiber volume fraction. Furthermore, the impact strength of the CF/p-DCPD composite was compared with that of CF/Epoxy with the same fiber volume fraction of 55 wt%. The impact test results are shown in Figure 6 and Table 3 . The impact energy of the CF/p-DCPD composite was estimated to be approximately 1120 J/m, while that of the CF/Epoxy composite was 390 J/m. This result showed that the impact strength of CF/p-DCPD is about three times that of CF/Epoxy.
Fractography analysis
The SEM micrographs of the fracture surfaces of CF/p-DCPD composite after the Izod impact tests and impact strength with the same fiber volume fraction condition of 55 wt%. The results showed that the impact strength of CF/p-DCPD is about three times larger than that of CF/Epoxy. • The fracture surfaces of CF/p-DCPD and CF/Epoxy composites showed the typical characteristics of brittle fracture. Rougher surfaces are observed in the fractographs of the CF/p-DCPD composite, while the CF/Epoxy composite showed a smoother surface.
• From the impact test with fractography analysis, it is found higher energy is required for crack propagation due to fracture. This results in higher impact strength for the CF/p-DCPD composite. • In our future research, we will perform the investigations for the impact properties evaluations for the temperature dependency especially for the effect of cryogenic temperature.
that of the CF/Epoxy composite are shown in Figure 7 to compare the fracture behavior. The two specimens show the typical characteristics of brittle fracture. In detail, rougher surfaces are observed with tortuous ridges and river marks the fracture surface in the fractographs of the CF/p-DCPD composite. It is suggested that the shear specimens broke more yieldingly than the CF/Epoxy composite did. Meanwhile, in the CF/Epoxy composite, a smooth glassy fracture surface with cracks can be observed, as shown in Figure 7b . The fracture surface is very smooth and shows brittle fracture behavior, suggesting that brittle fracture of the epoxy network occurred. The fracture surface of the epoxy resin is smoother than that of the DCPD resin. This indicates the more brittle behavior of the epoxy resin; therefore, higher energy is required for crack propagation due to fracture, and the impact strength of the CF/p-DCPD composite is much higher than that of the CF/Epoxy composite.
Conclusion
CF/p-DCPD composites were manufactured by the VARTM process with a maximum fiber volume fraction of 55 wt% and its impact and shear properties were evaluated and compared with those of a CF/Epoxy composite. The main conclusions of the study are as follows:
• The experiment for the entire process of shear response for the CF/p-DCPD composites was conducted and the shear properties value was compared with CF/Epoxy composite. The maximum shear stress and modulus of the CF/Epoxy composite are higher than those of the CF/p-DCPD composite. However, the CF/p-DCPD composite has higher toughness than that of the CF/Epoxy composite.
• The Izod impact tests were conducted for the CF/p-DCPD and CF/Epoxy composite to evaluate the 
